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A. STATUS OF RESEARCH
During the past few months, we have been primarily occupied with organization of
our group and establishment of the initial experimental facilities. The present report
outlines the theoretical and experimental programs that have been started.
A series of experiments is under way for testing the ultimate frequency stability of
the gaseous optical maser. To this end, the thermal and mechanical effects should be
minimized. Furthermore, the use of the gaseous optical maser as a standard of length
or frequency will require a new design to achieve accurate reproducibility of the oscil-
lation frequency corresponding to a given wavelength within the linewidth of the atomic
resonance. Several masers are now in operation and have been tested. With the aid
of improved frequency stability, we plan to carry out a new version of the Michelson-
Morley experiment with high precision. The gas maser, which is an extremely sensitive
device for detecting changes in length, will also be considered for application to a seis-
mograph. (This latter experiment will be explored in collaboration with Dr. L. Alsop of
Lamont Geological Observatory, Piermont, New York.)
Fairly detailed theoretical calculations have been made on parametric amplification
of light under various conditions. The results indicate that this type of amplification at
optical and infrared frequencies is within the range of practical possibility. An example
would be the generation of subharmonics of an optical radiation. Consider a medium
with sizeable nonlinear polarizability subjected to an intense optical frequency radiation.
The nonlinearities of the medium yield parametric amplification at half-frequency of the
driving field. A self-sustained oscillation at half-frequency may be achieved if the
amount of gain exceeds losses of power at this frequency. In our general formulation of
parametric amplification we use two different approaches to this problem. The more
extensive one involves solution of Maxwell's equations in a medium with nonlinear
polarizability. In such a medium, one obtains a set of coupled differential equations
describing propagation of waves at various frequencies. These equations can also be
written in the form of integral equations. This formulation is particularly suited to
analysis of cases in which the driving radiation is not a plane wave. For a plane wave,
under simplified conditions, the results can be obtained more directly by analyzing radia-
tion from a distribution of dipoles in which the nonlinearities yield additional oscillatory
components when the system is driven at some other frequencies.
A summary of these results is presented here in simplified form.
For the sake of simplicity in the presentation of our results, let us consider a scalar
polarizability given by P = EE + yE 2 . The last term in P is the contribution from
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nonlinearities of the medium. Let us assume that the index of refraction is the same at
the various frequencies under consideration. If the medium is subjected to a plane wave
i(k r-wt)
given by Ef = E e , one obtains a power gain per unit length at the subharmonic
frequency, w/2, given by
2 yEG = 81r . (1)
s
where n is the index of refraction, and Xs is the wavelength of the subharmonics in the
medium. (The subharmonic gain is a function of its phase relative to the fundamental
wave. Equation 1 corresponds to the phase at which the gain is maximum.)
If the medium is placed in a Fabry-P6rot resonator, the oscillation condition will be
given by
GL> P, (2)
where L is the length of the sample, and I is the total loss factor at the subharmonic
frequency, including the reflection loss from the end mirrors.
The power output at the subharmonics can be estimated by noting that the total power
gain across a sample of length L is independent of the amplitude of the subharmonic
field strength only in the first order. To the order E2/E 2 , where E is the amplitude
of the field at the subharmonics, the total power gain across the sample will be given by
2
EAP s 2 2
- =GL - GLP 24E
In the steady state of the oscillation, the ratio of the power level of the subharmonics to
that of the fundamental will then be
E
2
s [GL-k] '
E 2  G2L 2
0
Notice that for = 50 per cent, if GL = 51 per cent, this ratio becomes E 2 /E2 = 16 per
s 0
cent; therefore a rapid increase of power is indicated at the subharmonics for a slight
increase of gain over oscillation threshold.
If the indices of refraction at the subharmonics do not match that of the fundamental,
the left-hand side of Eq. 2 should be multiplied by a coherence factor given by
1 (L sin (2ks-kf) z
C = L cos [(2ks-k )Z] dZ = 2k - kf
0 s
Notice that equal indices of refraction at the fundamental and subharmonics yields
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2k = kf, which implies C = 1. These considerations can be extended to the case in which
s
propagation of two waves at frequencies wt and w are coupled to a third driving field at
a frequency wf so that wf = wt + q . In this case, simultaneous oscillations at frequencies
Wt and q may result if the following condition is satisfied:
GtG qL 2 > tq
where G and Gq are given by Eq. 1 in which the wavelength ks is to be taken as that of
the corresponding wavelengths at the frequencies wt and 0q. The it and Iq in the equa-
tion above are the fractional loss of power at the two frequencies t and co . If the indices
q
of refraction at the frequencies wt, q and are not equal, the equation above still
holds if k- k + k = 0 or k + k
- 
k = 0 or k- k - kq = 0. Otherwise, the left-handf t q f t q f t q
side of Eq. 2 should be multiplied by the square of a coherence factor
C = § cos [(kfkt+kq).r 4] dv cos [(kf-kt-k q)r-] dv
+ cos [(k +kt-k q).r- ]dvl (3)
where c is the sum of the phases of the two waves at frequencies wr and q , and V is
the volume of the sample. The oscillation takes place at a value of which yields a
maximum for (3).
The generation of harmonics at twice the frequency of the driving radiation, or the
generation of radiation at the difference frequency of two simultaneously applied fields,
behaves differently from that above in one essential respect. In these cases, there is no
requirement for a threshold condition of oscillation. If the driving fields are small,
there always exists a small power at the difference frequency, or at the second har-
monics. The presence of parametric amplification can best be demonstrated by con-
sidering the case of equal indices of refraction. In this case, the second harmonics
field strength is related to that at the fundamental frequency by
E h 4 4 (YEf) 2 y 2
2 4 2 (4)
E n khf
where y is the distance along the direction of propagation of the fundamental from the
face of the crystal which presents the nonlinearities, E h is the amplitude of the harmon-
ics at the distance y, and the power gain in the harmonics is proportional to the square
of the depth of penetration. A consequence of this result is an expected improvement in
the generation of second harmonics by resonating the medium at this frequency. In this
case, the right-hand side of Eq. 4 should be multiplied by a factor 1/1, where k is the
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fractional loss of power upon reflection from the end windows of the resonator plus other
sources of losses in the medium.
In the production of difference frequency, the same results are obtained. Equation 4
will give the power in the difference frequency if, in the left-hand side, Eh is taken as the
amplitude of the field at the difference frequency and Ef is the amplitude of one of the
driving fields on the right-hand side. Then Ef should be taken as the amplitude of the
other driving field, and Xh as the wavelength at the difference frequency.
Analyses of the cases discussed above for driving fields that are focussed, or for an
anisotropic medium, are also being considered. These calculations, together with a
discussion of other types of nonlinearity, will be treated in a separate discussion.
The frequency division of coherent light sources at optical frequencies is important,
partly because its success will eventually allow the standard of length to be directly
related to that of time. At the moment, our hopes for frequency division may be fulfilled
by using pulsed optical masers. To achieve this goal by using a cw source of light
requires a larger power output than is available in the present cw maser. Furthermore,
power improvement of cw sources will further its application to spectroscopic experi-
ments. Several new schemes for producing high-power cw masers are being studied.
In particular, experiments have been started on a gaseous-discharge system in which
the population distribution of a group of closely spaced levels of the excited atomic states
with energy separations in the range of KT will be brought to thermal equilibrium at a
temperature T, the gas kinetic temperature. This temperature can be controlled by
adjusting the gas pressure in a moderately high-pressure discharge tube. However, the
groups of energy levels which differ in energy by much more than KT will not be allowed
to come to thermal equilibrium at the temperature of the gas. Furthermore, by adjusting
the discharge to contain a sizeable electron density at an average energy of ~1 ev, or
more, a Boltzmann equilibrium at the electron temperature can be introduced within the
levels, with energy separations in the range 1 ev. This interplay between two types
of equilibrium at two different temperatures will lead to an inverted population. On the
one hand, the group of levels with several closely spaced states will come to equilibrium
at the temperature of the gas and lead to greatly reduced populations of the higher levels
within the group. On the other hand, two sets of levels, each containing a number of
closely spaced states with a large energy gap separating the two sets, will be populated
in such a way that the over-all population of the upper group, as compared with that of
the lower group of levels, will be close to equilibrium at the electron temperature. Since
this temperature is much higher than that of the gas kinetics, the lower levels of the
upper groups will be more populated than the upper levels of the lower group. This
experiment, with the support of detailed calculations, is now under preparation and test.
Other experiments that are planned are:
(a) Measurement of the isotope shift in the maser transitions of Ne(20) and Ne(22).
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An He-Ne maser that contains enriched Ne(22) has been constructed. By observing the
beat note between the output of this maser and that of a second He-Ne maser containing
Ne(20), we plan to determine this isotope shift with high precision. (This experiment is
being carried out in collaboration with Dr. R. McFarlain of Bell Telephone Laboratories,
Inc.)
(b) High-precision measurement of Brillouin scattering from solids by beating
together the scattered light and the direct beam. (This is being done in collaboration
with H. Cummins and N. Knable of Columbia University.)
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